The latest biomechanical studies on some form of internal bracing have shown improved stabilization for anterior cruciate ligament (ACL) repair, but gap formation and load-sharing function have not yet been reported.
laxity (Lachman grade 1) can confer functional joint stability restoration. 3 Improved patient selection of only treating proximal tears, along with novel arthroscopic approaches with biological enhancement of the healing environment and some kind of internal bracing, have sparked renewed interest in primary ACL repair. 5, 15, 42, 43 Recent preclinical studies using nonabsorbable high-strength sutures for internal bracing of the ACL repair construct were able to restore normal knee laxity and allow healing. 33, 44 In addition, several short-term clinical follow-up studies on internal bracing of repaired ACLs have shown promising outcomes with radiographic and arthroscopic proof of healing as well as good function of the knee. 10, 16, 18, 28, 36, 46 These data suggest that additional internal bracing might reduce the failure rate after primary repair of proximal ACL tears.
Biomechanical studies including some kind of internal bracing for ACL repair have revealed improved AP laxity in the range of the ACL-intact state. 13, 17, 21 However, the loading protocols used in these studies with AP translation measured were mainly based on an anterior drawer test, which may not account for the effects of dynamic loading in the range of daily activity. The role of internal bracing on the biomechanical stability of ACL repair techniques dynamically tested in the whole range of early and late rehabilitation loads is currently unknown. With modern rehabilitation principles emphasizing early range of motion and accelerated return to activity, knowing whether augmented ACL repair can withstand the rigors of a more aggressive protocol would be useful. Our previous study 6 analyzed the biomechanical properties of an adjustable technique and 3 different fixed ACL repair techniques without internal brace augmentation.
The purpose of this study was to evaluate and compare the stabilization and gap formation behavior of the 4 previously tested repair techniques, including internal brace augmentation with a final load on the ACL repair construct as well as ultimate failure strength, in a biomechanical in vitro study using a porcine model. It was hypothesized that internal bracing of an adjustable ACL repair technique would provide for improved stabilization with reduced gap formation and higher residual loads on the ACL compared with fixed repair techniques. Furthermore, it was assumed that internal brace augmentation would significantly improve the biomechanical characteristics of the different ACL repair techniques to be more in line with the functional data of the native ACL.
METHODS

Testing Groups
ACL repair constructs with single-and double-cinch loop (CL) cortical button fixation as well as knotless suture anchor fixation (group 1; anchor) were biomechanically tested with the addition of an internal brace (Figure 1 ). Button groups consisted of single-CL adjustable fixation (group 2; CLS-ALD) and 2 fixed techniques with single-CL (group 3; CLS) and double-CL fixation (group 4; CLD) of the ACL. Each group was cyclically tested at 4 different load levels (n ¼ 5 each), resulting in 20 test samples for each technique (n ¼ 80 total). Test results of isolated internal brace groups (IB-Anchor, IB-Button) served as a reference and baseline for comparison to the internally braced ACL repair groups. Overall, 24 tests were performed for the isolated internal brace groups at the same 4 load levels (n ¼ 3 each).
Specimen Preparation
Porcine tibias with preserved ACLs and femurs were utilized for testing because of previously reported morphometric and mechanical similarity to young adult humans. 20, 31 A total of 104 fresh porcine tibias and femurs (aged 12 months) were collected from a local slaughterhouse and removed of all soft tissue. The ACL was released from the femoral footprint, measured with a digital caliper from the center of the tibial footprint along the longitudinal axis, and cut to a constant length of 30 mm. Embedding was carried out in line with the anatomic ACL long axis using RenCast (Huntsman Advanced Materials), a bicomponent embedding material. A custom-made rectangular fixture was used to embed 2 cm distal to the predetermined exit of the tibial tunnel axis to allow sufficient space for knotting the internal brace and secure fixation of the tibias.
A tibial aiming device was used to create a 4-mm tibial tunnel along the anatomic ACL long axis through the midportion of the ACL footprint. An ACL guide was used to pass a 2.4-mm pin through the lateral wall of the notch within the center of the native ACL footprint and out the proximal lateral cortex at a distance of 15 mm proximal and 5 mm anterior to the lateral epicondyle.
14 A bone block of 32 mm in diameter and 35 mm in length was extracted along the guide pin by using a cylinder drill and sawing off the medial bone portion. The cylindrical bone block was docked in a custom-made steel fixture and prepared with a continuous 4 mm-diameter tunnel for cortical button specimens and an anchor-specific drill hole of 3.7 mm in diameter ( Figure 1 ). Prepared bones were stored at -20 C and thawed at room temperature overnight before biomechanical testing.
The embedded tibia and femoral-sided bone block were secured to the base plate and actuator of a dynamic testing machine (ElectroPuls E10000; Instron) using custom clamps. The initial distance from the femoral cortex to the ACL footprint was set to 65 mm to allow reattachment of the ACL stump to the femoral block. All tests were performed at room temperature, and soft tissue was kept moist with physiological saline solution during preparation and testing.
Repair Techniques With Internal Brace
Ultimately, 4 different ACL repair techniques as previously reported (see part 1 6 ) were internally braced with a nonabsorbable high-strength suture tape (2-mm FiberTape; Arthrex) and tested in this study. These suture repair techniques are based on CL and multiple cross-stitch fixation and were utilized in a similar fashion to the aforementioned study to reattach the ACL to the femoral bone. Single-and double-CL fixation for fixed cortical button groups (CLS, CLD) was performed by passing the suture (FiberSnare; Arthrex) at a distance of 10 mm from the cut end of the ligament through and around the ACL for closing the CL by transferring the suture through the looped end. For single-CL adjustable fixation (CLS-ALD), the loop portion of the repair suture was passed through the ACL to shuttle the attached adjustable loop device (ALD) through the loop of the repair suture for tightening the CL. Finally, the suture portion was cut close to the repair suture loop. For single-and double-CL fixation, only the anteromedial bundle and both major bundles were reattached, respectively.
For knotless suture anchor fixation, we utilized 3 crosstype Bunnell stitches for each No. 2 suture limb connecting both ACL bundles with final suture locking passes through the ACL below the most proximal Bunnell stitches.
Adding the internal brace to the cortical button specimens was done before passing the button (TightRope RT; Arthrex) through the tibial tunnel. In addition to available ACL repair sutures, the internal brace was transferred through the central button holes, creating a loop with the 2 free ends on the tibial side. The button was then shuttled through the femoral tunnel and flipped on the cortex. For CLS specimens, the No. 2 flipping suture remained in position for later femoral knot tying; otherwise, this flipping suture was removed. The internal brace for knotless suture anchor fixation with cross-type Bunnell stitches was looped over the anchor eyelet with the 2 free ends on the tibial side. The isolated internal brace groups (IB-Anchor, IB-Button) were configured in the same way as for the cortical button and suture anchor repair groups without additional repair sutures.
Construct Fixation
Once the sutures were fixed to the ACL, a manual 50-N pull over 5 seconds ( Figure 2 , point a) was performed using a spring-loaded tensiometer to simulate intraoperative single-hand tensioning. 2 Preconditioning of the ACL repair sutures ensured proper fixation strength with more homogeneous engagement and reduced settling effects. Fixed constructs were secured on the femoral side by suture knot tying over the button with 4 half-hitch knots using an arthroscopic knot pusher or knotless suture anchor fixation within the femoral bone. The single suture of the CLS specimens was knotted to the externally positioned No. 2 button flipping suture ( Figure 1A ). During femoral knotting or anchoring, the test machine's actuator was locked in position. Because no restriction of the primary tension was considered for the adjustable group, specimens were manually tensioned to a defined ACL time-zero preload (60 N) by alternating tensioning of the loop shortening strands and were kept knotless thereafter for later preconditioning ( Figure 2, point b) . The CLS-ALD time-zero preload was chosen as the representative load-carrying capacity to protect the ACL during the first few weeks after repair. 34 Knot tying of the ALD shortening strands was performed after preconditioning (point c). Finally, tibial-sided fixation of the internal brace was performed by tying 4 half-hitch knots over a button (TightRope ABS; Arthrex) before dynamic testing. Tightening handles were utilized for knot tying to adjust the tension on the internal brace for all groups to approximately 50 N measured by the test machine (point d). The initial position for ACL repair and internal brace fixation (point b) served as a reference for later dynamic elongation analysis and simulated a knee in full extension (joint space of 30 mm).
Biomechanical Testing
Load was applied in line with the ACL and tunnel axis to simulate a "worst-case" loading situation at a frequency of 0.75 Hz over 4000 cycles. Specimens in the adjustable group underwent additional precycling by actuator translation between the time-zero position and -3 mm of slackening for a total of 10 cycles at 0.5 Hz (see part 1 6 ), simulating intraoperative knee flexion activity between full extension and 90 of flexion. 24 Thereafter, retensioning to 60 N was manually performed in the time-zero position (simulating a knee in full extension) before ALD knotting.
Augmentation of weaker ACL repair fixation mechanically enhances the overall construct; thus, force-controlled cycling was utilized in this study. Constructs were dynamically tested at 4 peak load levels representing typical in vivo ACL loads during early and late rehabilitation phases and a constant valley load of 10 N. 35, 41 Peak load levels ranged from 50 N and increased in 100-N increments to 350 N, which allowed for gaining information about gap formation, load sharing, and stability for each construct and load level. Each construct was loaded at a constant peak load level over 4000 cycles. Finally, test samples were displaced starting from the time-zero position during a pull-to-failure test at 50 mm/min. For ACL repair constructs, the internal brace was cut before the failure test to acquire isolated ACL repair data. Loaddisplacement data during cycling and pull to failure were recorded using WaveMatrix software (Instron) with a sampling rate of 500 Hz.
Outcome Data
Metrics for comparisons included peak elongation (s p ) for all groups at the end of cycling (4000th cycle). "Final peak elongation" refers to the specific residual load-bearing capability of each test group at the applied peak load and served as the stabilization potential for the groups.
Gap formation (s Gap ) as well as residual load (F R ) at final peak elongation (Figure 2 , point e) were determined for the ACL repair samples with a cut internal brace during pull to failure. "Gap formation" represents plastic deformation (laxity) with no load (<1 N) on the repair construct. According to the principle of superposition, the residual load (F R ) at final peak elongation (with an internal brace) represents the load portion on the repair construct after cycling in a synergistic load-sharing configuration. Ultimate load and stiffness were determined for all constructs in the linear portion of the load-elongation curve.
Statistical Analysis
In this study, the repair techniques were independent variables. All metrics for comparisons were dependent variables. Final peak elongation (s p ), gap formation (s Gap ), and residual load (F R ) as well as ultimate load and stiffness were defined as primary outcome variables. Statistical analysis was performed using SigmaPlot software for Windows (version 13.0; Systat Software).
Statistical analysis included a 1-way analysis of variance (ANOVA) with the Tukey post hoc test performed for significant pairwise analysis of primary outcome variables. Significance was defined as P .05, and the desired power level was set at 0.8. The Shapiro-Wilk test was used to confirm that each data set followed a normal distribution. A nonparametric test, the Kruskal-Wallis test, was used for data sets that failed this test. For Kruskal-Wallis tests that found significance, the Tukey post hoc test was conducted to further analyze the differences. The observed post hoc average power values of all 1-way ANOVAs were much higher than the desired power level of 0.8, leading us to conclude that our sample size was sufficient.
A 1-way analysis of covariance (ANCOVA) for regression analysis of peak elongation (s p ) and gap formation as a function of peak loads was performed by comparing all Figure 2 . Schematic testing protocol for a peak load of 250 N with anterior cruciate ligament repair and internal brace fixation and points of data analysis (a-g). Metrics for comparisons included final peak elongation (s p, Dbe), gap formation (s Gap , Dfg), and residual load (F R , Dfg) as well as ultimate load and stiffness during pull to failure (Dfg).
groups over the whole load spectrum with each other. The Shapiro-Wilk test was used to confirm that each data set followed a normal distribution. For ANCOVAs that were considered significant, the Holm-Sidak post hoc test was performed for pairwise analysis. Significance was defined as P .05, and the desired power level was set at 0.8. Data analysis was performed with MATLAB (version R2018a; MathWorks).
RESULTS
The results of peak elongation and gap formation as well as regression analysis for mean outcome data as a function of applied peak loads with R 2 values are shown in Table 1 . Linear regression curves of the peak loads in dependence on peak elongation provided an accuracy in the order of at least R 2 ¼ 0.97 for all groups. The ANCOVA between the CLS-ALD and all other groups showed a statistical difference (P < .001). No significance was found between the other groups (P > .05).
Thus, the peak elongation behavior between fixed internally braced ACL repair and isolated internal brace groups at different load levels did not significantly differ, combined functional zones were established ( Figure 3 ) compared with the CLS-ALD technique as well as available ACL repair data (see part 1 6 ) and the native ACL. 7 The native ACL zone was based on available literature data 4, 9, 24, 29, 40, 45, 47 and was established to quantify and qualify the stabilization potential of ACL reconstruction. 7 The model correlates the functional ACL lengthening behavior at daily activity loads. Each ACL repair functional zone covers the relevant range of mean and standard deviation values of peak elongation and indicates the ultimate stabilization potential at different load levels. Functional zones containing the internal brace are almost completely within the native ACL functional zone for all load levels, whereas ACL repair without an internal brace reveals a complete loose state with considerable lengthening at lower loads.
The adjustable repair technique showed at all applied load levels an increased load-bearing capability compared with the fixed techniques (Figure 4) . Compared with both single-CL ACL suspension groups, the adjustable technique revealed significantly higher loads at each load level. For all repair techniques and load levels, the internal brace serves as a primary stabilizer at peak loads, leading to load reduction on the ACL repair construct and a decrease in gap formation.
Linear regression curves of the mean gap formation in dependence on applied peak loads provided an accuracy in the order of at least R 2 ¼ 0.88. The ANCOVA between the CLS-ALD and all other groups (P < .001) as well as the CLS and CLD groups (P ¼ .025) showed significance. A combined zone and isolated gap formation zone of fixed (shaded in dark gray) and adjustable techniques (shaded in light gray) were established by connecting the utmost standard deviation values between load levels ( Figure 5 ).
The fixed groups already experienced gap formation at the initial load level (50 N) but remained below a 3-mm gap 
Pull to Failure
None of the specimens failed during cyclic testing; thus, all constructs were pulled to failure. A significantly higher failure load and stiffness (P < .001) were found for the button and anchor groups compared with all other ACL repair groups. The common mode of failure for internal brace specimens with cortical button and suture anchor fixation was a tibial knot-sided suture rupture and anchor pullout, respectively.
The CLS-ALD group revealed the highest ultimate failure and stiffness, with 266.8 N and 58.2 N/mm, respectively ( Figure 6 ). For all repair groups, a significant difference was found for the ultimate failure load compared with the CLS group (P < .001). The most common mode of failure for the CLD and CLS-ALD groups was femoral knot-sided suture rupture and breakage of the CL suture, respectively. The CLS and anchor groups failed because of knot slippage and suture slippage at the anchor fixation site.
DISCUSSION
The most important finding of this study is that internal bracing of ACL repair provided for sufficient stabilization to protect the healing ACL at loads occurring during normal daily activity for an intact knee. Possessing a synergistic load-sharing function with the ACL repair, the internal brace served as a protective primary stabilizer and provided for reduced peak loads on the ACL repair as well as for gap formation of less than 3 mm, commensurate with the simulation of loads experienced during late rehabilitation (350 N). The internal brace showed a significantly higher ultimate failure load and stiffness compared with all ACL repair techniques (P < .001).
Augmentation for ACL repair is historically not a new concept. Back in 1980, the ligament augmentation device, a band-like braid of polypropylene, was applied using either a transfemoral procedure parallel to the reattached ACL 23 or an over-the-top transfer procedure divergent to it. 30 The decline in the use of the aforementioned transfer procedure combined with ligament augmentation device-related synovitis 32 has resulted in the device no longer being used in the clinic. The latest clinical 10, 16, 18, 28, 36, 46 and biomechanical studies 13, 17, 21 including some form of internal bracing for stabilization of the repaired ligament revealed acceptable results for ACL repair. To the best of our knowledge, this study is the first to evaluate the stabilization effect with the load-sharing function of internal bracing on primary proximal ACL repair with either adjustable-length loop cortical button fixation in comparison with conventional cortical button or suture anchor fixation. Internal bracing of ACL repair constructs allowed for the functional restoration of normal knee stability at loads occurring during normal daily activity. Dynamic testing over 4000 load cycles within the whole range of early (50 N) and late rehabilitation loads (350 N) should protect the current approach of ACL repair to allow for early range of motion and accelerated rehabilitation. Loads applied longitudinally to the ACL should comply with requirements of worst-case testing for ACL repair and are in line with most commonly used in vitro loading scenarios for ACL reconstruction. 7, 27 The stabilization potential of previously established non-internally braced ACL repair constructs (see part 1 6 ), isolated internal brace groups, and the native ACL functional zone 7 served as references and baseline for the obtained internally braced repair results. ACL repair with internal brace augmentation almost completely restored the native ACL function, whereas the same ACL repair techniques without an internal brace showed considerable Figure 5 . Gap formation zones (including mean and standard deviation data) over peak loads with linear regression curves for adjustable and merged fixed anterior cruciate ligament (ACL) repair techniques in reference to ACL repair without an internal brace (see part 1 6 ). lengthening at low loads. Although different test methodologies were used in both parts, the test results should be consistent and comparable. The isolated groups with the internal brace fixed in a simulated full-extension position revealed similar stabilization compared with internally braced ACL repair constructs, so the internal brace can be assumed to function as the primary stabilizer. Primary fixation in simulated full extension with the native ACL at its greatest length 24 allows for optimizing ACL repair tension without initial gap formation and the creation of a protective safety belt function of the internal brace. The added strength of the internal brace allows for reducing peak loads on the ACL repair construct. This peak "stress shielding" with permanent loads on the repair construct might impede ACL healing. Although the internal brace increases ACL repair strength at time zero, only in vivo testing can accurately show the effect of the internal brace on healing of an ACL repair construct. While the optimal timing and magnitude of loading are still unclear, it is well accepted that healing tissue should be loaded in an adequate manner to promote favorable revascularization, structural remodeling, and functional outcomes. 8, 11 The added strength of the internal brace to the ACL repair construct allowed for managing intermittent peak loads during the time of early and accelerated rehabilitation and protected the ACL repair construct from overstretching. The adjustable repair technique revealed at all loads reduced gap formation with improved loadbearing capability compared with fixed techniques. Higher adjustable time-zero tension with improved load-carrying capacity, combined with an increased time-zero gap formation after suture knot tying or knotless anchoring due to settling effects, may explain the superior stabilization potential seen with the adjustable repair technique.
Insufficient postoperative knee stability with increased AP translation results in an increased gap formation between the ACL and femoral bone as well as a compromised self-healing response without the formation of stable scar tissue. 3, 13 Improving the stabilization potential of ACL repair with internal bracing provided for reduced gap formation even at high rehabilitation loads (350 N) in a range below 3 mm, independent of the technique. It is not currently known how small the gap formation is needed to be for adequate healing. Previous ACL repair data (see part 1 6 ) without an internal brace already showed substantial gap formation (>5 mm) at loads less than 60 N, especially for fixed techniques.
The ultimate failure strength and stiffness of the isolated internal brace groups covered the range of needed tensile strength for daily activity of a normal ACL, which has been estimated to not be more than 20% of the native ACL's ultimate load to failure. 25 However, button fixation shows some advantages over single-anchor fixation, with significantly higher failure loads with suture failure instead of anchor pullout and a construct stiffness in the range of the normal ACL. 47 Clinically, anchor pullout in the joint could cause third-body wear damage and might be more problematic than a loose internal brace. Slipping effects of the suture material within the bone anchor may explain increasing elongation at higher loads compared with the button group.
Recent biomechanical studies have also investigated the influence of augmentation on ACL repair. 13, 17, 21 Fleming et al 13 showed in a porcine model that isolated augmentation (suture repair between bony fixation points) results in knee laxity values that are within 0.5 mm of the intact ACL joint. Another study using human tissue supports these findings, with AP laxity restoration and augmented ACL repair in the range of an intact knee. 21 In both studies, primary suture repair showed significant increased AP laxity compared with normal knee laxity. The AP laxity values of both studies were assessed after cyclic shear loading according to an anterior drawer test. Another attempt to compare anterior tibial translation across the arc of flexion for different repair techniques showed that only ACL repair with augmentation was able to restore laxity to values similar to the ACL-intact state directly postoperatively and after applying cyclic loads. 17 A direct comparison between these findings and the results of the current study is difficult because of the test protocol as well as setup differences. In the aforementioned studies, AP laxity was defined as relative motion between the tibia and femur at defined AP shear load limits (<100 N), whereas in this study, the final peak elongation along the native ACL axis at different load levels was utilized for the evaluation of the stabilization potential. Studies based on a loading protocol according to an anterior drawer test may not account for the effects of dynamic loading in the range of daily activity but rather rely on a clinical examination protocol with AP translation measured.
Suture tape for internal bracing has been used for several intra-and extra-articular indications within different joints, with good mechanical, biocompatible, and nonreactive characteristics. 22, 36, 37, 48 No severe inflammatory or immune responses, bony erosion, or premature osteoarthritis were noted in an in vivo canine study even with a transected internal brace in the knee. 37 Another canine study showed that internal bracing of ACL reconstruction with a quadriceps tendon allograft allowed for intra-articular and 4-zone graft-to-bone healing without inflammatory responses or foreign body reactions. 12 These studies support the clinical strategy of mechanical time-zero internal brace protection of the ACL repair construct with a gradual load transition along progressively greater frequencies and magnitudes toward a strengthened ACL.
Limitations
We recognize that this study has some limitations. Porcine tissue was utilized as a substitute material for human tissue to allow for better comparability within the testing groups as well as to ensure more consistent mechanical properties. Porcine tibias with preserved ACLs were chosen because of previously reported morphometric and mechanical similarity to young adult human bones and tendons. 1, 20, 31 The load vector of the test machine actuator was in line with the native ACL and internal brace long axis, which does not correspond to the common in vivo loading situation but represents a worst-case loading scenario for biomechanical testing. Finally, this is an in vitro, timezero biomechanical study, evaluating the effect of internal bracing of different ACL repair techniques on the mechanical stabilization potential; thus, further short-and longterm clinical follow-up studies including information about rehabilitation and postsurgical care are needed to confirm the obtained biomechanical outcome data and their effect on clinical outcomes.
CONCLUSION
Internal bracing improved the stabilization potential of ACL repair at loads occurring during normal daily activity in a porcine in vitro study. The added strength of the internal brace reduced loads on the ACL repair construct as well as restricted gap formation below 3 mm at loads up to 350 N.
